Introduction
Chronic kidney disease (CKD) and hypertension (HTN) are growing public health problems in older adults; 25-40% of individuals above the age of 60 have evidence of CKD, and 65-95% of these individuals have HTN [1] . HTN control is well-recognized to be one of the most effective interventions in patients with CKD [2] . Randomized trials have shown that optimal control of HTN prevents progression to kidney failure, cardiovascular events, and death. In practice, however, control is achieved in only 37-44% of CKD patients, reflecting a persistent gap between recommendations and practice [3] . Reports from the National Health and Nutrition Survey suggest that only 37% of those with kidney disease have adequately controlled HTN [4] . Even within the rarefied population of CKD patients who volunteered for a large cohort study of kidney disease in which 99% were aware of and receiving ongoing treatment for their HTN and kidney disease, a mere 44% had actually achieved control [5] .
Although self-monitoring of blood pressure (BP) can be helpful for both treatment decisions and evaluating response to treatment [6] , in older adults with CKD there are barriers to this practice, particularly inability to maintain accurate logs of home BP, and subsequently bring them to clinic. Hand transmitted BP logs have been shown in the past to often be inaccurate, with substantial under-reporting of BP [7] . Thus, common practice in BP management in the typical veterans' administration (VA) CKD clinic setting is medication adjustment based on the intermittent in-clinic readings performed by a physician or a clinical assistant. Multiple studies, however, have shown this to be inadequate, both because of the lag between visits and specifically because of the pathophysiology and pattern of HTN in CKD patients [8] . BP is notoriously variable outside the clinic setting in CKD patients [9] . Both white-coat HTN and masked HTN are frequent [10] and are associated with adverse cardiovascular outcomes. CKD patients also have vascular calcification and episodes of relative hypotension [11] , a major risk factor for falls and fractures. Complicating this situation further, CKD patients have high rates of frailty [12] , cognitive impairment [13] , and polypharmacy [14] , making BP even more difficult to manage.
Efforts to improve BP management have included home BP monitoring programs, behavioral coaching, or reminder systems to improve adherence [15] . However, these efforts have largely been suboptimal due to its reliance on a high level of patient adherence with manually recording BP data and communicating data through telephone, fax, Internet, or hand-carried BP logs. There is evidence in the general hypertensive population that telemonitoring interventions can be effective [16] [17] [18] , but the most effective of such interventions require Internet access and computer literacy as well as involvement of a pharmacist. Thus, in current practice, home BP readings are often not recorded, forgotten, or out-of-date by the next clinic visit.
To address this clinical problem in the management of HTN in older adults with CKD, we created a novel home-based, Bluetooth-enabled BP monitoring device and intervention protocol requiring minimal effort or technological skill from the participant. The feasibility and acceptability of this intervention protocol was tested in a randomized study in 43 older veterans with HTN and CKD. It was hypothesized that patients equipped with the novel home-based BP device would have improved processes of care (sharing of home data with physicians and interval medication titration by pharmacists and physicians) and better BP control over the course of the intervention compared with usual care.
Methods

Participants
Established patients attending the CKD/HTN clinic at VA San Diego were eligible to enroll in the study. Inclusion criteria were stage 3 CKD, as defined by an estimated glomerular filtration rate of less than 60 ml/ min/1.73 m 2 ; established HTN [systolic blood pressure (SBP) > 140 or diastolic blood pressure (DBP) > 90 in-clinic or on reported home readings]; and age more than 50 years. In addition, participants had to be communitydwelling and currently self-managing their medications. Exclusion criteria were the presence of a clear secondary cause for HTN (e.g. aldosterone producing tumor), or estimation by clinic physicians that the individual was within 6 months of requiring dialysis or of dying from other causes. We screened the charts of patients attending the CKD/HTN clinic; potential participants were given study information at the time of their routine clinic visits, and were able to contact a study coordinator at the clinic if interested. Because the Bluetooth-enabled BP monitoring device and intervention protocol required minimal effort or technological skill from the participant and used a plug and play cellular technology, we did not exclude patients based on computer skills, literacy, or Internet access.
Design
This was a randomized, controlled device effectiveness study. Participants were randomized in a 2 : 1 manner (intervention : control), so as to maximize the number of participants receiving the device of interest over a short enrollment period. Random assignment occurred after the consent and initial enrollment interview, using opaque envelopes containing odd (intervention) or even (control) study numbers. Individuals randomized to the telemonitoring arm were provided with the equipment after randomization. Participants were followed for at least 6 months before the exit interview.
Participant-based data collection
All participants completed baseline in-person interviews to assess their comorbidities, self-rated current health, duration of HTN and CKD, and medication adherence [as measured by the eight-item Morisky Medication Adherence Scale (MMAS)] [19] . Laboratory records were reviewed to determine estimated glomerular filtration rate at baseline and at study close. Data were collected on baseline medication use from participants and from VA chart review. Start-of-study BP was taken from the clinic visit at which the participant had enrolled.
Using the VA's electronic health record (CPRS VISTA), the number of clinic visits, emergency room visits, and hospitalizations at VASDHS were tracked for safety reasons and to monitor for medication changes outside of our protocol.
At the end of the study, BP was checked for each participant at a clinic visit or by the study coordinator. Questionnaires regarding medication use and MMAS were repeated at the study close along with questions regarding the acceptability of the device itself for those in the intervention arm. Questionnaires from the treating physicians in the HTN/ CKD clinics were collected to gauge their opinions on the impact of the intervention.
Study device
The intervention device consisted of two integrated subunits: the A&D Medical UA-767PBT fully automatic oscillometric BP unit [20] (A&D Medical, San Jose, California, USA) and the home health hub (HHH). The BP units have a BP measuring range spread over 20-280 mmHg and a pulse range of 40-200 beats/min. The HHH is a 1 0 Â 4 0 Â 6 0 -wall unit, which the participant was instructed to plug into any available outlet and leave there for the duration of the study. It receives BP and pulse data through Bluetooth from the BP unit, and relays that data through the Internet (using studyprovided cellular modem) to a secure website, which was accessible through password to study personnel.
Wireless home BP monitoring for older patients Rifkin et al. 9 The study device used its own cellular modem connection to transmit data. The website allowed for viewing of BP data sorted by participant, using unique study ID numbers. Also, each device sent a regular signal through the HHH even if BP was not being checked, so that study personnel could differentiate equipment failure from an absence of BP readings without additional calls to the participant. Patients were educated about appropriate use of the cuff, and those assigned to the device arm had BP checked before study initiation using a standard cuff as well as the device to ensure accuracy.
Remote monitoring and usual care protocols
To best approximate usual clinic practice, patients enrolled in both arms of the study were asked to measure and record their BP at home according to their physicians' instructions; no study-specific instructions were given regarding the frequency of measurement so that the focus of study was on the new device and interactions. Participants in the intervention arm were instructed in proper use of the BP cuff. They were told that BP readings would be checked by study personnel on a weekly basis, and that they could expect to be contacted by telephone if their BP was out of range. They were further counseled that they would not be contacted if BP was at goal. Finally, they were told that although the device transmitted on a continuous basis, it would not be checked continuously, and was not a substitute for contacting medical personnel in case of severe hypertension or hypotension or other symptoms. Participants in the control arm were told to use their own home BP cuff as recommended by their physician and were told that study personnel would be checking in with them at the end of 6 months for an end-of-study visit related to BP.
On a weekly basis, the study physicians (D.E.R., C.M.M., J.A.A.) and pharmacist (C.L.) met to review BP logs of each participant (B30 min/week). If a participant had consistently above-goal readings during the prior week, one of the study physicians or pharmacist called to discuss the readings, provide counseling, or adjust medications as indicated. Each telephone encounter was recorded in the medical chart. Additional in-person follow-up with clinic physicians or urgent care was scheduled at the discretion of the study team if it was felt that telephone counseling was not sufficient. If participants in the intervention group did not have any readings during a given time period, the study coordinator checked to ensure that the device was still transmitting a check-in signal; if so, no additional contact with the participant was made so as not to change the participant's usual behavior.
For participants in the intervention group, prior to scheduled in-person follow-up, the electronic medical record was updated by means of an addendum to the prior CKD clinic note with the full record of telemonitoring results since the prior visit, to allow clinic physicians to review these at the time of in-person visits. For all participants, we asked treating physicians to fill out a postvisit form for each in-person visit detailing the amount of home BP data brought to that visit by the participant, the number of medication changes at the visit, and whether BP was at goal.
Telemonitoring data collection
The number of BP readings transmitted by the system for each participant was totaled on a monthly basis, and monthly running averages created for each participant for SBP, DBP, and mean arterial pressure for the duration of the study.
The number of telephone-based counseling and medication interventions for each participant was totaled for all intervention participants. For the control arm, we reviewed any telephone-based or clinic-based HTN interaction for relevant changes.
Sample size
We planned to enroll 30 individuals in the intervention and 15 in the control arms in the study. Our primary prespecified aim was to detect a difference in the sum total of the number of BP readings from outside the clinic to assess the quantity of BP data exchanged. We calculated that we had more than 90% power at an a of 5% to detect a clinically significant average difference of four readings per month, assuming an average of two readings per month shared in the control group and six readings per month shared in the intervention group.
We also did an a priori power calculation for the secondary endpoint of difference in BP between groups. We calculated that we had B60% power at a of 5% to detect a 10-point difference in SBP between groups, assuming a SD of 15 mmHg.
Statistical analysis
Baseline characteristics of study participants in the intervention and control groups were compared using w 2 and t-tests, as appropriate.
Between-group differences in in-clinic SBP and DBP at study start and end were compared using t-tests for each BP component. Within each group, paired t-tests were used to evaluate change in BP over the study period; between-group differences in change in BP were also compared using t-tests. Changes in the MMAS were compared as well using t-tests.
For those participants in the intervention arm, the telemonitoring BP values were plotted over the course of the study for each participant and overall slopes of change were calculated for each participant over the course of the study by fitting a least-squares regression line to the available data. For monthly averages in the intervention arm, we also tested for a trend in change in BP using least-squares linear regression and tested whether the b value for slope was different from 0.
The study was approved by the University of California, San Diego Institutional Review Board and by the VA Research and Development Committee. As this trial was designed as a single-site feasibility study of a new strategy for telemonitoring, registration at the clinicaltrials.gov was not required. A P value of 0.05 was considered significant. All statistical analyses were carried out using SAS (version 9.0; SAS Institute Inc., Cary, North Carolina, USA).
Results
We screened 336 patients who had CKD/HTN visits at the VASDHS during the study enrollment period (Fig. 1) . Forty-seven participants enrolled in the study; two participants who completed the entrance interview and were assigned to the control group were unable to be contacted again, and two participants who completed the interviews and enrolled in the intervention group never activated the cuffs and could not be contacted again. The remaining 43 participants are presented in this analysis. The average age was 68 years and 26% were black; all but two were male, reflecting the sex distribution in our VA clinic. There was a high burden of comorbid disease (Table 1) with more than half having diabetes and 44% having sleep apnea in addition to CKD and HTN. Baseline characteristics and average starting BP were similar between the randomization groups.
Over the course of the study, participants in the intervention arm shared a median of 29 (IQR 22, 59) readings per month ( Table 2) , compared with minimal sharing in the control group; only three of 15 (20%) participants of the control group ever brought a BP log to their follow-up visits, with a reported number of readings varying from two to 21 per week. No spontaneous between-visit communications with the clinic were noted. Participants in the intervention arm continued to share data throughout the course of the study with 78% of participants continuing to use the cuff at least four times monthly throughout the 6 months ( decline in the number of readings per participant per month. The number of intervention contacts was, as expected, highest in the initial months of the study and decreased thereafter. There was a trend towards improved monthly mean SBP among the intervention group (P for monthly trend < 0.01).
The intervention participants received an average of 2.7 contacts in total over the 6-month study, with 1.9 medication changes per participant. Typical transmitted data and study events are shown for a representative patient ( Fig. 1 ). Considering only home-based readings, the median decrease in home SBP over the course of the study was 2.5 mmHg (IQR 15.2, -3.5) with a median decrease in home DBP of 3.5 (IQR 8.2, 0).
Of note, the average number of antihypertensive medications was not different between study groups, despite the trend toward better control in the intervention group (Table 3 ). There were no significant differences in renal function between groups. There were no hospitalizations or emergency room visits attributable to changes instituted because of this study. No additional in-person visits were scheduled because of telemonitoring results. We detected hypotensive episodes in two participants in the study and contacted them because of these episodes. In one instance, a patient had been suffering a gastrointestinal illness, and recorded SBPs in the 70-80 range. Another case involved a participant who had been bitten by a spider, with subsequent SBPs under 90. These participants were advised to hold antihypertensive agents and seek urgent care and both recovered from these illnesses.
Overall, satisfaction with the device was high among participants with 96% reporting that they would continue using the device (Box 1). Similarly, clinic physicians also rated the device as a highly acceptable intervention, with 7/7 regular clinic physicians surveyed stating that they felt the patients benefited from the system in terms of BP control.
In surveys during the exit interview, 57% of patients reported experiencing minor technical problems with the device or nontechnical problems with the actual BP cuff. Of this group, four of 28 (14%) participants described their problems as pertaining to the hub occasionally falling out of the wall outlet. The major nontelemonitoring related problem experienced was reinflating of the cuff multiple times while checking BPs, which was noted by eight participants (29%).
Discussion
In this randomized clinical effectiveness trial, we were able to show an ongoing exchange of data between home and clinic in the intervention group with excellent acceptability of the intervention by both participants and physicians. Data exchange in the intervention group was markedly different from the pattern in the usual care group, with participants in the intervention group sharing an average of 30 readings per month and with more than 75% ongoing participation throughout the 6-month study, whereas only 20% of the control group brought home logs to the clinic visits. We found that this wireless telemonitoring device paired with telephone contact from study physicians and pharmacists improved BP both in terms of individual trend toward goal as well as in comparison with a control population without the intervention cuff. Improvement in BP occurred in both groups; the difference of 4.5 mmHg between the improvement in SBP seen in the intervention vs. control groups is a clinically significant one and is similar in magnitude to the change seen with adding a new medication in many antihypertensive drug studies, although our study did not have the scale to detect a statistically significant difference of this magnitude. For this reason, BP change was designated as a secondary endpoint. Our study results are in line with other larger studies in younger populations [16] , which have shown that a combined approach using telemonitoring and pharmacist contact is effective in improving BP control. Our intervention is novel in that from the standpoint of the participant it requires no additional training or effort beyond the ability to use a standard BP cuff, and thus is potentially more feasible in an older, less affluent, or less technologically sophisticated population. As checking home BP is already a part of the recommendations for care of older adults with HTN [21] , from the standpoint of the participant this protocol required no additional behavior changes and no additional burden other than having the HHH in the home.
It is also notable that the improvement in BP in the intervention group came with a minimal change in the number of antihypertensive agents prescribed. It is possible that this improvement occurred because of improved adherence with already prescribed medications and other recommendations such as dietary changes or use of continuous positive airway pressure machines for sleep apnea. Several participants noted that they enjoyed being monitored, and this may have prompted better Data are presented as number, mean±SD, median and IQR, or percentages. adherence, although we do not have daily medication data or behavioral logs to confirm this.
Advantages of the device and monitoring plan we have proposed include the lack of reliance on participants' computer skills, data entry, or Internet access. Another advantage is that our intervention required only periodic monitoring by study personnel and a relatively small number of telephone contacts to improve BP control. Cost of the intervention was relatively modest, with the combination of BP cuff ($130) and HHH ($99) being the major fixed cost. Modem service continues to decline in cost; and although this varies based on location, it would be available at $20-30/month in most areas. The ongoing cost of this intervention, therefore, compares favorably with the cost of one or two clinic visits for BP management. The HHH is compatible with WiFi or local area networks, and so as these services become more ubiquitous, this cost would likely be lower. The data being transmitted was deidentified and so could be sent using nonsecure communications, with all personal data being stored separately from the BP data.
We did not examine BP logs on a daily basis and so did not provide any real-time monitoring for urgent illnesses. Of note, we did not contact any participants because of sustained severe HTN or initiate any emergent visits for HTN, but did detect two patients with hypotension during our weekly reviews. One unintended result of the study was that participants could be counseled and directed to seek medical assistance for these hypotensive episodes. Further research should examine whether the detection of hypotension, wide variability in BP, or other unusual home BP patterns would prompt changes in treatment of these patients or whether these patterns should influence clinical care of HTN in this population.
Limitations of the current study include the small sample size and short duration; we cannot predict whether the intervention would be robustly effective over longer periods of time. Given our small sample, our results do not reach statistical significance for BP between groups, although we believe the magnitude of the difference we found is clinically important.
It is well recognized that in general monitoring interventions tend to decline in effectiveness with time, and we cannot comment on whether this intervention would continue to be effective after a 6-month time period; however, the protocol we used, with telephone contacts only when readings were out of range, would tend to promote ongoing contact when appropriate, and telephone contacts could be a cost-effective way to promote ongoing self-monitoring and medication adherence.
As the telemonitoring device could easily be reassigned to new patients, it might in fact be most effective as a short-term intervention for patients with difficult to control BP so that changes could be made without multiple in-clinic interventions.
Conclusion
This clinical effectiveness study in a group of older adults with CKD and HTN demonstrates a clinically significant improvement in data exchange and a trend toward a statistically significant difference in BP in the intervention arm. We showed that participants using this device transmitted more than 30 BP readings per month as a part of their routine self-care behaviors, whereas those patients receiving usual care continued to exchange minimal data with their providers regarding out-of-clinic BP. A low-burden device such as this in combination with clinical oversight by trained pharmacists and physicians may be a useful intervention in the care of older patients with HTN. Further work should determine the appropriate role for this technology in the clinical care of older adults.
